Recent studies have shown that, when a T cell interacts with a cognate antigen-presenting cell, an organized adhesive contact is formed between the two cells by a process which involves the dynamic, three-dimensional redistribution of entire signaling assemblies.
In addition to creating a zone of specialized cell-cell adhesion, the formation of the immunological synapse also serves to focus the polarized effector functions of the T cell, such as the vectorial secretion of cytokines or the localized release of cytotoxic mediators close to a target cell. The lack of 'bystander effects' in both cytokine secretion by helper T cells and killing by cytotoxic T cells [1] supports the concept that T cell adhesion to an antigen-presenting cell or target cell creates a gasket-like tight seal between the opposing membranes. Logic dictates that the formation and maintenance of such a functionally specialized cell-cell junction would be mediated by the dynamic, complex organization of adhesion and signaling molecules at the site of contact. Only recently has the detailed molecular topology of this begun to be elucidated. Two recent papers [2, 5] have provided graphic evidence of spatial molecular specialization within the immunological synapse. Using three-dimensional fluorescence microscopy, Monks et al. [5] have demonstrated the lateral segregation of adhesion and signaling components in the plane of contact between a T cell and an antigen-specific B cell. Two distinct regions were observed: a central core, containing the T-cell receptor and protein kinase C θ (PKC-θ); and an outer, ring-like structure containing the integrin LFA-1 and talin, a member of the band 4.1 family of membrane-cytoskeleton proteins. Using an in vitro model system in which T cells interact with purified proteins in lipid membranes, Dustin et al. [2] have also obtained evidence of lateral segregation; they found that LFA-1 redistributes to the outer rim of the contact zone, whereas CD2, another major T-cell adhesion and signaling molecule, redistributes to the center.
These findings are visually striking and bring into much sharper focus the concept of an immunological synapse. The synapse core constitutes a protected space maintained by a select subset of adhesive contacts, in which signaling and effector functions are concentrated. The serine/threonine kinase PKC-θ, for example, is thought to be an important component of T-cell receptor signaling [5] . Conversely, the outer ring-like structure is a gasket of specialized adhesion, which both provides stable cell-cell interactions and seals off the centralized region. In adhesive contacts between other cell types, LFA-1 is often linked to underlying cytoskeleton in complexes which include the band 4.1 family molecule talin. The co-regionalization of these paired molecular counterparts -CD3/PKC-θ and LFA-1/talin -implies the existence of spatially segregated higher-order signaling complexes within the synapse, referred to by Monks et al. [5] as 'supramolecular activation clusters' (SMACs). Whereas signaling pathways are currently viewed as discrete, albeit complex, assemblies of proteins, we are now challenged to think beyond these assemblies to additional organizing principles.
How and when are these spatially segregated adhesion and signaling complexes formed at the interface between a T cell and an antigen-presenting cell? Additionally, how does this higher level of structural organization regulate signal transduction by the T-cell receptor -and vice versa? The first basic principle is that of 'mutual cocapping', in which molecules that are free to diffuse in the plane of the membrane and that interact with ligands on the opposing cell accumulate in the contact area [6] . Shaw and Dustin [2, 4] have recently focused attention on a second fundamental principle -the importance of molecular length and inter-membrane separation distance. They have outlined a dynamic topological model of T-cell activation from the time of initial contact between a T cell and an antigen-presenting cell through the formation of a stable conjugate in which there is sustained T-cell receptor signaling. Central to their model is the importance of intercellular spacing, dictated by the physical dimensions of individual receptor-ligand pairs.
The initial contact between cells is probably mediated by the T-cell integrin LFA-1 which, in contrast to the T-cell receptor, has a much greater molecular 'reach' through the cell-surface glycocalyx and mediates high-affinity ligand binding [2, 4] . The integrin-mediated increase in membrane proximity and adhesive stability facilitates initiation of the lower-affinity, shorter-range interaction between T-cell receptor molecules and their peptide-MHC ligands. Productive engagement of the T-cell receptor then initiates the formation of intracellular signaling complexes and the local accumulation of other 'small' molecules, including CD2 [2] . This creates a 'core' region of intimate membrane contact, from which larger molecules, such as LFA-1 and CD45, become sterically excluded [2, 4] .
Signals generated by the T-cell receptor and accessory molecules further modulate the spatio-temporal dynamics of the cell-cell contact area. They can, for example, regulate LFA-1 avidity and direct cytoskeletal reorganization [2, 4] . Dustin et al. [2] have recently provided compelling experimental support for this model by demonstrating that T-cell receptor signaling induces the centralized aggregation of CD2 via the novel adaptor molecule 'CD2-associated protein' (CD2AP). T-cell receptor signaling induces the association of CD2AP with the cytoplasmic tail of CD2, and this association is essential for CD2 clustering and cytoskeletal polarization [2] . The physical segregation of membrane components, driven by topological constraints and modified by signal generation and cytoskeletal remodelling, might thus occur throughout the process of contact development, ultimately generating the molecular patterns observed in an immunological synapse (Figure 1 ).
Between the nanometer scale of individual signaling complexes and the micron scale of the 'gasket' and 'core' regions of the synapse lies another level of plasma membrane organization -'rafts'. Membrane sphingolipids and cholesterol interact to form detergent-insoluble glycolipidenriched domains, which have been compared to rafts about 70 nanometers wide moving within the fluid membrane bilayer [7] . Some proteins are enriched in glycolipid-enriched domains, whereas others are largely excluded. The sorting of proteins into rafts is based substantially on the chemical nature of the membrane insertion group -the proteins in the glycolipid-enriched domains tend to be attached to the membrane via lipid groups, such as myristoyl or prenyl groups [7, 8] . As with the size-mediated sorting of molecules described above, sorting into rafts results in spatial specialization or phase separation in the plane of the membrane.
Although glycolipid-enriched domains exist before cell-cell contact, they are not static elements of plasma membrane organization; on the contrary, they participate in the dynamic regulation of signaling. Rafts are thought to regulate signal transduction by spatially approximating an appropriate collection of enzymes, substrates and adaptor proteins, thereby promoting specific and efficient assembly of signaling complexes upon receptor stimulation [7] . For example, in the unstimulated lymphocyte, many critical components of T-cell receptor signal transduction are enriched in rafts, including CD4, phosphatidylinositol bis-phosphate (PIP 2 ), Lck and LAT [9, 10] , while the T-cell receptor itself resides predominantly in non-raft domains of the membrane [10] .
Upon stimulation, activated T-cell receptor molecules and additional signaling components, including phospholipase C γ-1 (PLCγ-1), Grb-2 and Vav are recruited to the glycolipid-enriched domains [9, 10] . The generation of complex T-cell receptor signaling assemblies may therefore be initiated and propagated within the membrane rafts. The fundamental importance of the rafts is illustrated by the fact that disruption of raft structure inhibits the early stages of T-cell receptor signaling [10] . Furthermore, modifying key molecules, such as LAT, so that they do not localize to glycolipid-enriched domains was also found to inhibit T-cell activation [9] . As the rafts are clearly required for T-cell receptor signaling and T cell activation, it will be interesting to see if the plasma membrane lipid microdomains show the same level of spatial complexity exhibited by proteins and signaling complexes at the interface between T cell and antigen-presenting cell.
Research in the past decade has revolutionized our understanding of the ordered complexity of intracellular signal transduction pathways. The substantial effort towards identifying and characterizing individual protein-protein interactions during receptor-mediated signal transduction has paved the way to a more comprehensive view of larger-scale, macromolecular signaling complexes. The recent studies of the spatial specialization of signaling at the junction between T cell and antigen-presenting cell have demonstrated that yet another, higher level of signaling complexity exists. Additionally, it appears likely that the architectural intricacies of signal transduction extend beyond receptors, enzymes, adaptors and other proteins to the membrane itself, as lipid microdomains are intimately tied to protein-complex formation. These new findings and ideas create a formidable four-dimensional puzzle, with a vast number of co-dependent pieces. Lessons learned from the immunological synapse are likely to be broadly relevant as a paradigm for understanding the construction and function of contact regions involved in other cell-cell interactions.
